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The question of how and when life originated on t his 
planet has always been an intriguing one, exceeded perhaps 
in fascination only by that area of speculation which con-
cerns itself with death and the afterlife . The latter 
problem has generally been approached along theological lines; 
the former problem , that of the origin of life , has been 
widely investigated along scientific lines as well . Indeed , 
the origin of life has always been one of the fundamental 
problems of science, and the increasingly sophisticated 
answers to the problem reflect the increasing potence and 
applicability of the methods of science . 
As long as the methods of science were infused with 
the concepts of philosophy and religion , however, it is only 
to be expected that the findings of the scientist echoed the 
teachings of the philosopher and the theologian. As in 
other fields , such as astronomy , progress in tracing the 
origin and development of life has depended on the re -
examination of pre - existing theories in the light of new 
data and new ideas , with the necessary subsequent revision 
or rejection of untenable hypotheses . The Russian chemist 
A. I . Oparin in his book, The Origin of Life (1) , summarizes 
the principal theories of the origin of life up to the time 
of his work and points out objections which may be raised to 
each . 
It was Oparin in this same book who l a id the founda -
tion for the modern theories of the origin of life on this 
planet . Basing his ideas on the previous work of Haeckel , 
Pr~ueger , and others , he enunciated the following axioms 
reg3,rding the origin of life on earth : 
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(1) The principles and forces operative in the realm 
of organism are identical with those in effect in 
inorganic systems . 
(2) Tie primitive atmosphere was reducing in nature; 
the present oxidizing atmosphere is the result of 
the continued escape of hydrogen into space and 
the contribution of oxygen to the air by living 
organisms .. 
(J) The first living organism was the product of 
reactions between complex organic molecules formed 
in the seas under the primeval reducing atmosphere . 
Both the theories of spontaneous generation {summarized in the 
writings of Aristotle) and of divine creation {typified by 
the account of Genesis I) assumed that a special "vital 
force't differentiated the living from the inanimate . Oparin ' s 
rejection of this idea , and hence his rejection of a dualistic 
outlook on nature , made it possible to approach the animate 
as well as the inanimate from a strictly scientific point of 
view . Similarly, his rejection of the atmosphere of today 
as the atmosphere of the primitive earth precluded objections 
based on Pasteur ' s proof that life does not arise spontaneously 
under the oxidizing conditions that prevail at the present 
time . 
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Realizing that even the simplest organism displays an 
organization of structure not realisable by mere chance , and 
rejecting the spontaneous appea rance of this degree of order 
under the influence of some "vital force , " Oparin postulated 
the gradual evolution of a prime organism from complex 
organic compounds present in the primitive seas . This con-
cept of a long chain of organic reactions beginning with the 
simplest hydrocarbons and proceeding in steps of ever-
increasing complexity of structure to the first organism 
requires the pre - existence of the necessary organic building 
blocks . Oparin suggests that the simple hydrocarbons which 
were the starting point in the chain originated in reactions 
between metallic carbides formed in the superheated proto-
atmosphere and superheated steam, that is , reactions of the 
following type: 
.3 FemCn + 4m H20 -+ . m Fe.304 + c3nH8m 
\vhile Oparin thus accounts qualitatively for the 
presence of the elements in their reduced forms in the 
primeval atmosphere, his theory .scarcely accounts quantita-
tively for the amo unts of such compounds of elements in their 
reduced states . The more modern explanation for the composi -
tion of the early atmosphere stems from present day theory as 
to how the earth was formed . The present hypothesis of the 
formation of the earth (2) postulates the exi s tence of a gas 
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and dust cloud , similar to such clouds existing in abundance 
in space today , containing a great excess of hydrogen , as do 
such clouds today . 'rhis cloud under the influence of 1 ts 
own gravitational field coalesced into a proto- sun surrounded 
by minor localized concentrations , namely the proto-planets . 
As the hydrogen- rich proto- earth further collapsed under its 
own gravity , a point was reac.hed whereby the three - phase 
system of lithosphere , hydrosphere , and atmosphere was 
established . 
At this time the atmosphere of the earth must still 
have been rich in hydrogen . Three factors were responsible ' 
for the evolution of this heavily reduced primitive atmosphere 
into the highly oxidized atmosphere of today . The first 
factor was the escape of hydrogen into outer space stemming 
from the fact that the earth ' s size and hence its gravita-
tional pull were not sufficiently great to counteract the 
escaping tendency of the hydrogen . This factor is discussed 
in some detail by Urey (J) . The second factor was the split-
ting of atmospheric water at high levels in the atmosphere 
under the influence of ultra-violet radiation into hydrogen, 
which escaped , and oxygen , which remained . The third factor , 
Ttlhich has accounted for most of the free oxygen in the present 
atmosphere was the release by living organisms of oxygen . 
The picture of the primitive atmosphere that arises 
from Oparin ' s work sup9lemented by modern ideas of the 
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formation of the earth is that of a mixture of simple hydro-
carbons, ammonia; water , other elements in their reduced 
forms, and hydrogen . Oparin theorizes that in the vast 
peri od of time frcm the first appearance of this primeval 
atmosphere until the time when the atmosphere changed in 
character from reducing to oxidizing, reactions took plaae 
among these primitive atmospheric constituents which led to 
the deposition int the primeval seas of a steadily increasing 
aggregation of organic compounds , and that these organic 
compounds increased in co~lexity and variety to the point 
where a structure was achieved of such a complexity of form 
and function as to be considered ttalive . 11 
Urey in his work in this area (4) has theorized along 
similar lines. He postulates an original atmosphere consist-
ing principally of methane , ammonia or nitrogen, water, and 
hydrogen , and explains the present oxidizing atmosphere as 
the result of the dissociation of atmospheric water into 
hydrogen and oxygen , with the hydrogen escaping to outer 
space and the oxygen remaining to oxidize the other atmos -
pheric constituents . Urey suggests that life arose during 
the period when the atmosphere was still reducing and 
organic compounds were present in quantity . According to 
Urey , the free energy for the various reactions between 
organic compounds leading to the prime organism was furnished 
by the ultra- violet radiation of the sun. 
A further discussion of the sources of free energy 
available under the conditions of the primitive earth is 
given by Miller and Urey ()) . They consider ultra-violet 
radiation , electric discharge (lightning) , radioactivity , 
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and vulcanism . Volcanism is dismissed as probably negli@ible 
because of the intermittent nature of volcanic activity , and 
radioactivity is considered of minor importance due to the 
extinction of most of the radiation by overlying rocks . They 
conclude that ultra-violet radiation was the prime source of 
free energy in the early atmosphere with electric discharge 
also significant~ 
Because of the difficulty of constructing an apparatus 
large enough to permit any appreciable entrapment of UV 
radiation by an experimental gas mixture, the significant 
experimental attempts at confirmation of the theories of 
Oparin and Urey have utilized .electric discharge as the 
energy source The most important experimental work in this 
area to date has. been that of Miller (6) , who subjected 
mixtures of methane , ammonia, water, and hydrogen to electric 
discharges in a closed glass system for periods of the order 
of a week, with the resultant synthesis of various amino 
acids and other organic compounds in milligram quantities . 
Miller ' s experiments have been repeated by other workers 
(7 , 8 , 9) using various mixtures of methane , carbon monoxide , 
carbon dioxide , ammonia , nitrogen , water , oxygen, and hydrogen 
resulting in the synthesis of a wide variety of organic 
compounds . 
The success of these experiments in synthesizing 
compounds related to living organisms , however , does not 
prove that the gas mixtures used have any relation to the 
composition of the primitive atmosphere . In fact, as wil l 
be shown, many of the reaction mixtures which have been 
used are actually unsound the~modynamically . Becaus e of 
this empirical approach to experimentation in the area , and 
because important conclusions regarding the origin of life 
are being based on t he results of such experiments, it is 
asserted that further progress in the area must await a 
rigorous theoretical analysis of what constitute realistic 
experimental conditions , i . e . , an analysis of the probable 
composition of the primitive atmosphere of the earth . The 
purpose of the present work has been to lay the groundwork 
for such an analysis 1n a thermodynamic approa ch to the 
history of the earth ' s atmosphere ~ 
The thermodynamic approach has been chosen r a ther 
than the other fundamental approach of kinetics because of 
the more basic na ture of thermodynamics and hence its suit-
ability for use in a first approach to the problem, because 
thermodynami cs seems more appropriate in the consideration 
of a mixture of ga ses which might be presumed to be ~n 
equilibrium , and because previous workers in the fiel0.. have 
tacitly assumed that thermodynamics was applicable . 
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In undertaking the thermodynamic approach , the follow-
ing assumptions are made : 
(1} Dynamic equilibrium exists in the atmosphere at 
all times; · this assumption is reasonable, as sug-
gested above , in relation to a gas mixture , but is 
made with the realization that the end result 
here may be to refute it . It is asserted, how-
ever, that t he testing of this assumption is neces-
sary in view of previous experimental and 
theoretical reliance on it . 
{2) The carbon, oxygen , nitrogen content of the 
a tmosphere remains essentially constant; this 
assumption is a necessary assumption in view of 
the first one . The principal possible objec -
tions to this as s umption are the eventua l deposi -
tion of elementary carbon and hydroca rbons in 
fossilization, deposition of carbon dioxide as 
carbonates, and the solution of carbon dioxide 
in the oceans , but it should be noted t hat all 
these possibilities require an oxidizing atmos-
phere and hence are not significant during the 
period of atmospheric history of most interest 
here . 
(J) The average temperature of the atmosphere is 
taken to be 25° c. 
(4) 
(5) 
The partial pressure of water in the atmosphere 
is taken to be constant and equal to the vapor 
pressure of water at 25° c. 
The rate of hydrogen loss to space is proper-
tional to the instantaneous hydrogen partial 
pressure; this assumption has been made by Urey 
(10) . 
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Based on these assumptions , calculations have been 
made to determine how the atmosphere changed in composition 
as the hydrogen concentration dropped and to relate these 
changes to a time scale . The detailed calcula tions are given 
in the Appendix , and what follows is an expla~~tion and 
lnterpretation of the methods used and the results . 
An equation of fundamental importance is the one 
relating the free energy change for a reaction with the 
reaction ' s equilibrium constant ~ 
ll.F = -RT ln K0 (I) 
where F is the free energy change for the reaction , R is the 
gas law constant expressed in calories , T is the absolute 
temperature , and K0 is the equilibrium constant for the 
reaction with concentrations expressed in moles per liter . 
It is more usual to express the concentrations of 
gaS.es in terms of partial pressures rather than in moles per 
liter t the following equation shows the relation between K0 
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and KP ' which is the equilibrium constant expressed in terms 
of partial pressures in atmospheres: 
{II) 
where R now is in li tar-atmospheres per mole-degree, and A ng 
is the net change in the number of moles of gas . 
Since the assumption of constant partial pressure for 
water was made, wherever the partial pressure of water 
appears in a Kp expression , it has been combined with the 
constant to give a modified constant designated by a sub-
script corresponding to the reaction it represents . 
As was pointed out earlier, the history of the 
atmosphere is the history of the loss of hydrogen to space , 
and the first step in the study of this loss should be an 
exami~qtion of dehydrogenation reactions for the primitive 
atmospheric constituents with the aim of establishing the 
order of dehydrogenation . The equations and free energy 
changes for the probable dehydrogenation reactions for the 
important primeval atmospheric constituents are as follows: 
CH4 + H20 ~ CH30H + Hz A F = 28.0 koal. 
NH3 --+ 1/2 N2 + 3/2 Hz A F = 4 . 0 kcal. 
H20 ~1/2 02 + H2 A F = 54.6 kcal . 
PH3 ~p + 3/2 H2 A F = -4 .4 kcal . 
H2S --+ S + H2 AF :::: ?. 9 kcal . 
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The free energy values are those of Latimer (11) . The order 
of dehydrogenation is thus established as phosphine ammonia , 
hydrogen sulfide, methane , water . 
Since the compounds of carbon hold the most interest 
in tracing the origin and development of life, the principal 
system stl.udied was the dehydrogenation of methane through 
various stages of oxidation to carbon dioxide, these stages 
of course being methane, methanol, formaldehyde , formic acid , 
carbon dioxide , For the purposes of the discussion, the 
partial pressure of methane is represented by the letter 
11 An , that of methanol by 11 B", that of formaldehyde by "C", 
that of formic acid by 'D", that of carbon dioxide by nE", 
and that of hydrogen by "F" . 
The assumption of constant carbon content can be 
represented by the following equation: 
A + B + C + D + E = 1 (III) 
where the figure "1 11 does not necessarily denote one atmos-
phere, but merely that the carbon is constant . 
The total hydrogen content of the system at any time 
1& designated by the letter "x" , where xis related to the 
p<.>.rtial pressure the total hydrogen would exert if free , and 
this total hydrogen content is expressed in the following 
equation : 
SA + 6B + 4C + 2D + 2F = X (IV) 
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where the coefficients of the partial pressures represent 
the number of hydrogen atoms bound in each gas , considering 
as well the hydrogen in water molecules involved in the 
dehydrogenation reactions as given below : 
These dehydrogenation reactions are as follows : (ll) : 
CH4 + H2 0 ~CH30H + H2 AF = Z8 . 1 kcal * 
CHJOH ~HCHO + H 2 AF = 1Z . 5 kcal . 
HCHO + HzO ~HCOOH + Hz AF = 0. 6 kcal . 
HCOOH ~C02 .:f Hz 6 F = - 14 . 0 kcal . 
The following equilibria can be set up , combining the 
, water partial pressure when it appears in the equilibrium 
with the equilibrium constant : 
BF Kl 
(V) 
A. = 
.Q.E Kz (VI) B 
12E.:u K3 (VII) c 
liE = K4 (VIII D 
It can be seen that equations III through VIII con-
stitute a system of six equations in six unknowns, which are 
sol uble according to standard algebraic methods . The detailed 
soluti on is given in the Appendix but the end result of the 
solution was the following equation : 
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8F4 + 6K FJ 2 1 + 4K1K2F + 2Kl,K2KJF + K1K2K3K4 + 2F = X 
F4 + K F3 + 2 K1K2K.3F + K1K2KJK4 1 K1K2F + (IX) 
Various values of hydrogen partial pressure were inserted in 
equation IX to determine the range of hydrogen partial pres-
sure corresponding to the range in x from eight to zero 
defining the period of interest . The result was a ran@9 in 
-6 4 hydrogen partial pressure from 1 x 10 atmospheres to l x 10-
atmospheres for the range of x from eight to zero . Consider-
ing this range of hydrogen partial pressure and the values of 
the equilibrium constants as calculated in the Appendix , 
equation IX approximates to the following; 
(X) 
In the course of the calculations yielding equation 
IX , the following relationship was obtained bet\qeen the 
carbon dioxide partial pressure , E, and the hydrogen part ial 
pressure , F {with the same approximations made as in equation 
X): 
E = KlK2K3K4 
F4 + K1K2KJK4 
(XI ) 
Using this equation and equations V- VIII values for the 
partial pressures of methane , methanol , formaldehyde , formic 
acid , and carbon dioxide were obtained in terms of hydrogen 
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part ial pressure as outlined in the Appendix . Table I on the 
next page shows the partial pressures of each of these gases 
for various values of the hydrogen partial pressure , and the 
data are presented also in the graph following the table . 
These calculations of partial pressures for methane 
and its oxidation products show that the concentrations of the 
intermediate oxidation products of methane are vanishingly 
small .in an atmosphere in equilibrium. This means that many 
experimental gas mixtures that have been used have not repre -
sented equilibri um conditions that actually existed in the 
atmosphere . In particular , any experimental mixture coutain-
ing methanol, formaldehyde, and/or formic acid in any 
appreciable concentrations is unrealistic as a model of any 
stage of an atmosphere in thermodynamic equilibrium. Since 
the compounds thus excluded are the most reactive in regard 
to the deposition o~ organic compounds , other depositional 
routes leading to the concentration of organic compounds in 
the seas must be investigated in subsequent work in this 
area . 
With equation IX a nd Urey •s axi om that the rate of 
hydrogen loss is proportional to the instantaneous hydrogen 
partial pressure a time s cale was arrived a t for the history 
of the atmosphere as reflec ted in the data of Table I . 
Again the approximate form of equation IX was used: 
1.5 
TABLE I 
A (x 10) B (x 101~ C (x 1cfl) D (x 1018> E (x 10) F (x 10.5) 
Atm . Atm . Atm. Atm. Atm ~ Atm . 
9. 99 0. 807 0 .143 0. 016 0 . 001 10 ~ 0 
9. 99 1 . 25 0 . 223 0 . 031 0 . 002 8 . 00 
9-99 1 . 38 0 . 397 0. 072 0 . 006 6 . 00 
9. 96 2 . 07 0 . 892 0 . 251 0 . 028 4 . 00 
9. 90 2 . 74 1 . 57 0 . 592 0 . 089 3 . 00 
9. 58 3 . 99 3. 42 1 . 93 0 . 437 2 . 00 
9 ~ 33 l.J· . 38 4 .19 2 . 63 0. 661 1 . 80 
8 . 99 4 . 66 5 . 01 3 . 54 1 . 00 1 . 60 
8. 37 4 . 97 6 .11 4 . 93 1 . 59 1 . 40 
7. 59 5 . 27 6. 29 5 . 92 2 . 40 1 . 20 
6 . 71 5 . 07 7. 88 8. 01 3 -33 1 . 10 
5. 77 4 . 79 8 . 24 9 . 31 4 . 21 1 .QO 
4 . 74 4 . )2 8 . 26 10 . 4 5 . 27 0 . 900 
3. 60 3 . 73 8 . 03 11 . 3 6. 41 0 . 800 
2. 37 2 . 93 7. 21 11 . 6 7 . 52 0 . 700 
0 . 79 1 . 31 4 . 51 10 . 2 9. 21 o.soo 
0 . 34 0. 701 3 . 02 8 55 9 . 66 0 . 400 
0 . 02 0. 068 0 . 78 4 . 42 9. 98 0. 200 
0. 001 0. 001 0 . 20 2 . 21 9. 99 0 . 100 
L 0 G \0 Pc.A R&ON C.OMPoUNOS vs. LOG I 0 p lo·h.: 16 
o . .,..-._._..._....,+o-... &iiiiiliiiiiiit;.J:- -~ -·- ..... ~_,. .............. ,___..--._.____.~... 
t 
. .,..·-·-·-· 
······--····· -·-...·-· ... . . . . . . . ..,.,...... . ... 
.. . . . , .. 
•"' I e .~ . 
. ~ . 
•' ... 
.... 
.... 
-23+-~~~-+~~~r-~4-~-+-4~~~+-~~-+--~ 
-lf..o -lf.s -.s.o - .o 
LoG,o PH:z.----....> 
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(X) 
Urey ' s assumption may be expressed mathematically in 
the following way : 
- dx/dt == kF (XII ) 
where x and F have the same significance as in equation X, t 
represents time , k is a proportionality constant, and the 
minus sign indicates that the change in hydrogen content is 
a loss . Since the relationship between x and the hydrogen 
partial pressure , F , is known (equation X) , the time required 
for the change in x from eight to zero can be determined if 
the constant, k, can be evaluated . The detailed calculations 
leading to this result are given in the Appendix . 
The result of this calculation is a reductio~ 
absurdum , since they snow that a period of roughly ten million 
times the age of the earth would be necessary for an atmos -
phere in equilibrium of the original composition of the earth ' s 
atmosphere to undergo the transition from reducing to oxidiz -
ing . 
To account for this gross discrepancy, it is necessary 
to re-examine the original assumptions underlylng the cal-
culations . The assumptions of an atmospheric temperature 
averaging 25° C. and a water paetial pressure of 3 x 10- 2 
atmospheres obviously could not be far enough off to account 
for the magnitude of the discrepancy . 
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As pointed out in the Appendix , the constant k was 
evaluated using figures of Miller and Urey (5) for the present 
partial pressure of hydrogen and the present escape rate for 
hydrogen . While these figures might conceivably be in error 
by as much as a factor of one-hundred , obviously even this 
error could not account for the discrepancy . 
The conclusion must be that it cannot be assumed that 
the atmosphere has always existed in a state of dynamic 
equilibrium, since no other explanation will account for the 
great discrepancy between the age of the earth (now taken to 
be around five billion years ) and the figure arrived at using 
thermodynamics . The proof that equilibrium did not exist in 
the atmosphere means that if Oparin and Urey 1 s hypothesis of 
life arising from a store of complex organics in the oceans 
is to be tenable, depositional routes of a non-equilibrium 
nature should be investigated . The conclusion of the first 
set of calculations that , even in an equilibrium system, 
significant deposition or organic raw material would not 
occur , coupled with this second conclusion indicates that 
specifically activated systems using realistic gas mixtures 
may be the answer . 
Much theoretical groundwork must be laid before gas 
mixtures can be chosen with any reasonable certainty that 
they approximate the composition of the primeval atmosphere . 
As was mentioned earlier , the next step would appear to be a 
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kinetic approach, particularly with the aim of comparing 
atmospheric time scale attained yia a kinetic approach with 
the one which is the result of the thermodynamic approach . 
The next step might be an experimental comparison of 
the two approaches , through the use of a working model of the 
atmosphere . Such a model might consist of a polyethylene 
membrane as part of an otherwise closed system containing 
a mixture of gases simulating to the best possible degree 
the very earliest atmosphere of the earth. The membrane 
would allow hydrogen to escape in much the way it escapes 
from the atmosphere , and aliquots could be taken from the 
model at intervals to trace the evolution of the simulated 
atmosphere . 
On the theoretical side, investigation should be 
made of the dehydrogenation reactions of other elements 
beside hydrogen . Of particular interest would be nitrogen 
and phosphorus compounds . Brief calculations have shown that 
contrary to the assumption of most worl{ers in the field t 
ammonia is unstable in an atmosphere where the methane has 
begun to break down at all . It is possible that the reac-
tlons of ammonia have been overemphasized in previous wort< . 
The important role that phosphorus and its compounds 
play in energy transfer in living systems has been explored 
by Gulick (11). As was shown earlier phosphorus dehydrogenates 
even earlier than am~onia , and the insolubility of elemental 
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phosphorus is a barrie r to its ready use by organisms , 
complicated by the fact that the majority of phosphorus 
accessible to living t hings is in the form of the insoluble 
phosphates . 
An interesting way of determining the extent to which 
the atmosphere of a particular geologic time was oxidizing or 
reduoir~ has to do with the famous Mohole project (12) . The 
aim of this project is to drill a hole deep into the crust 
of the e~rth and beyond to the Mohorovic ic Discontinuity . 
The fascination as far as the history of the atmosphere is 
concerned is that the hole llfill pass through the strata which 
could yield by measurement of their oxidation potential a 
record of the transition of the atmosphere from reducing to 
oxidizing . 
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APP.C:NDIX 
The following are the steps in the calcula ti on of hOi'! 
the atmosphere c~1anged in composition as the hydrogen con-
centration dropped due to the escape of hydrogen into outer 
space . 
Steu ~ was the calcula tion of Kc values using the 
rela tionship of AF = - !iT ln Kc and AF values from L:?,timer 
(10) for the dehydrogenation reaction chain for methane . 
CH4 + H 0 2 ~CH)OH + H2 l\F = 28080 cal . ; Kc = 2 . 55 X l0-
21 
CH30H ~ HCHO + H2 6 F = 12500 cal . ; Kc = 1 . 02 
X 10-lO 
HCHO + H20 ~HCOOH + H2 A F = 600 cal . ; Kc = ) . 64 X 10-l 
HCOOH ~co2 + H2 A F = -14020 cal . ; Kc ::::: 8 . 6) X 1010 
~ ten Two was the conversion of Kc values to Kp values 
using the relationship: - Kp = Kc (RT ) 
CH4 + H20 ~CH3Cn + H2 K = 2. 55 p X 10-21 
CH)OH ~ HCHO + H2 Kp = 1 . 72 X 10-8 
HCHO + H20 ----::. HCOOH + H2 Kp = 3 . 64 X 10-l 
HCOOH ---..,. C02 + H2 K p = 4 . 52 
X lOll 
Step Three was the combination of the partial pressure 
of water where 1 t appeared in Kp expressions with t l1e KP to 
give a modified constant . 
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u u 
'"CH OH -'-H · 
-23 3 2 K 8 . 31 X = = 10 
PCH4 1 
PHCHO 
p 
Hz K,., -8 = = 1 . 72 X 10 
'0 t::. 
... CH3 0H 
PHCOOH PH2 
K3 
- 2 
= = 1 . 13 X 10 
PHCHO 
PCO PH L~ . 52 X lOll 2 2 = K4 = 
PHCOOH 
Step Four was to assume the total carbon content 
constant letting 1 = PCH 1 B = PcH OH C = PHCHO ' D = 4 3 
PHCOOH ' E = Pco , and F =PH , as follows: 2 2 
A + B + C + D + E = 1 
Step Fiye: Let x equal the hydrogen con t ent of the 
system , writing the following equation relating x and the 
partial pressures of the various gases: 
8A + 6B + 4C + 2D + 2F = X 
Sten 3ix was to set up a system of six equations in 
six unknowns . 
(1) A + B + C + D + E = 1 
(2) 8A + 6B + 4C + 2D + 2F = X 
(J) BF = K 
A 1 
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(4) CF _ K 
"B- 2 
(5) DF :::: K3 c 
(6) EF = K4 D 
Steu .Seven was the use of the six equations in six 
unknowns to get a relation between F and x . 
(A) Substitute for A in terms of B in equations 1 and 2 . 
B(F ± K1 ) +C+D+E=l 
Kl 
B(SF + 6K1 + 4C + 2D + 2F == X 
Kl 
(B) Substitute forB and ter~s of C: 
C F (F + Kl) + KlK2 + D + E == 1 
K1K2 
c F(BF + 6K1) + 4K1K2 + 2D + 2F == X 
KlK2 
(C) Substitute for C in terms of D: 
D F F(F + Kl) + KlK2 + KlK2K3 + E = 1 
KlK2K3 
D F F(8F + 6K1 ) + 4K1K2 + 2K1K2K~ ----------~-=~~~~----~~~2 + 2F = X 
KlK2K3 
(D) Substitute forD in terms of ~ : 
E (F F F (F + K1 ) + K1K2 + K1K2K3 + K1K2K3K4 ) = l 
Kl K2K3K4 
! 
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(E ) From the first of the above two equati ons: 
E ::: KlK2K3K4 
F4 + K1F3 + K1K2F
2 + K1K2K3F + K1K2K3K4 
(F) ; ubstituting this Z value in the second equation: 
Step Eight was the approxi~~tion of the previous equa -
tion to the following : 
The following are the steps in the calcula tion of the 
rela tionship between the drop in hydrogen partial pressure 
and time , using the eQuation imme~iately above , Urey ' s axiom 
that the r a te of hydrogen los e is proportiona l to the 
instantaneous hydrogen concentra t ion , and Miller and Urey 1 s 
- 6 figures of 10 atmospheres for the present partial pressure 
of hydrogen in the atmosphere a nd their figure of 107 atoms 
per second as the present rate of hydrogen escape . 
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Steo One was the imolici t Ufferentiation of the equa-
tion relating x _nd F: 
Since 
dx = 2 + 2 . 34 X l0-2° FJ df 
F8 + 1.,46."4 + s . JJ x 1o-41 
-4 F is less than 10 , this simplifies to the folloi'iing ; 
dx = 2 + 2 . 34 x lo-20 df 
F5 
~ ~~o was the rearrangement of the mathematical 
statement of Urey ' s axiom , and the substitution in the 
rearranged form of the value of dx found in the preceding 
step : 
- dx = KF dt 
dt = - .44 
dt 
dt = - ~ ~- 1 . 17 X 10- 20 df 
K F F6 
Steo Three was the solution of the constant k ' s value 
using the data of Ur~y 9.nd f1iller : 
-dx = KF 
dt 
F = 10-6 atm , dx = 107 atoms H/cm2 -
dt 
-17 2 
-dx = 1 . 66 x 10 g . H2/cm - sec . dt 
~ec . 
- 17 
- dx=1 . 66 x 10 atm/ sec = 1 . 32 x 10- 20 atm/sec . 
dt 1030 
- dx/dt = 1 . 32 x lo- 20 atm/sec . 
F lo-6 atm. 
- 14 - 1 K = - 1 . 32 x 10 sec . 
6 
2 = - 4 . 81 X 10 K 
sec . 
year 
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Sten Fou~ was tje sibstotitopm pf this value for k in 
the differential equation relating f and t: 
df 
~ Five was the definite integration of the above 
differential equation between the limits F1 and F2 : 
6 / F2 20 ( Fz 
t = 4 . 81 X 10 JF Ql - 1 . 17 X 10- JF dF 
1 F 1 F6 
t; 4 . 81 x 106 1 . 17 5 10 (F
2
-S - F
1
-
5l - 2 . 303 (ldg10F2-F1 ) 
~ - 4 Sten Six was the substitution of 10 for F2 and 10 
for F1 leading to the result which was sought· 
-6 - 4 For F2 = 10 ; F1 = 10 
t = (4 81 x 1061 (2 ~ 34 x 109) year 
16 
t = 1 . 13 x 10 year 
